Objective To evaluate the associations between dietary carbohydrate, glycemic index (GI), glycemic load (GL), and incident prostate cancer in the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO) cohort. Methods Between September 1993 and September 2000, 38,343 men were randomized to the screening arm of the trial at one of 10 PLCO centers. A food frequency questionnaire administered at baseline assessed usual dietary intake over the preceding 12 months. Prostate cancer was ascertained by medical follow-up of suspicious screening results and annual mailed questionnaires and confirmed with medical records. Cox proportional hazards regression was used to model the associations of carbohydrate, GI, and GL with prostate cancer risk. Results During follow-up (median = 9.2 years), 2,436 incident prostate cancers were identified among 30,482 eligible participants. Overall, there were no associations of baseline carbohydrate, GI, or GL with incident prostate cancer in minimally or fully adjusted models. There were no associations when the 228 advanced and 2,208 nonadvanced cancers were analyzed separately. Conclusions Dietary carbohydrate, GI, and GL were not associated with incident prostate cancer in PLCO. The narrow range of GI in this cohort may have limited our ability to detect associations, an issue that future studies should address.
Introduction
Various dietary factors are purported to influence prostate cancer risk, including processed meat, milk and dairy products, and micronutrients such as calcium, lycopene, selenium, and vitamin E [1] . Although most studies of macronutrient intakes and prostate cancer have focused on dietary fat and protein, dietary carbohydrate also may play a role in the etiology of this cancer. Carbohydrates elicit a wide spectrum of blood glucose and insulin responses, influenced by both the quality and quantity of the carbohydrates consumed. Glycemic index (GI) is a ranking of carbohydrate-containing foods based on their postprandial blood glucose responses relative to a carbohydrate standard and is a measure of carbohydrate quality [2] . Generally, the lower the GI, the lower the rate of absorption of the carbohydrate and the smaller the rise in postprandial glucose and insulin concentrations [3] . Glycemic load (GL) is a measure that incorporates both the quality and quantity of dietary carbohydrates and is determined by multiplying the carbohydrate content of a given serving of the food by the food's GI value. GL likely is the most informative exposure as far as carbohydrate intake and disease risk is concerned [4] .
It has been proposed that high dietary GI and GL may affect cancer risk by increasing insulin concentrations; chronic hyperinsulinemia influences the insulin-like growth factor (IGF) axis, synthesis of sex hormone-binding globulin (SHBG), and circulating estrogen levels, all of which may increase prostate cancer risk [5] [6] [7] [8] [9] [10] . While the potential associations between GI and GL and various cancers have been evaluated in previous studies and metaanalyses [11, 12] , the associations of these dietary factors with prostate cancer have not been adequately studied. We are aware of only three published studies (one case-control study and two cohort studies) investigating the possible association of GI and/or GL with the risk of prostate cancer, which produced mixed results [13] [14] [15] .
The Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO), funded by the National Cancer Institute, was initiated in 1993 to investigate selected methods for the early detection of these four cancers, as well as to study cancer etiology. In this report, we present the results of an investigation into the possible associations between dietary carbohydrate, GI, and GL, assessed by a food frequency questionnaire (FFQ) administered at baseline, and the subsequent development of prostate cancer in PLCO participants.
Materials and methods

Study population
Participants in PLCO were enrolled from 10 screening centers throughout the US (Birmingham, AL; Denver, CO; Washington, DC; Honolulu, HI; Detroit, MI; Minneapolis, MN; St Louis, MO; Pittsburgh, PA; Salt Lake City, UT; and Marshfield, WI). Participants were assigned randomly to either a screening arm (in which subjects underwent various screening modalities for each of the four cancer sites) or a usual care arm. All study participants provided written informed consent, and the study was approved by institutional review boards at each participating institution.
Between September 1993 and September 2000, 77,470 persons between 55 and 74 years of age were assigned randomly to the screening arm of PLCO, including 38,343 men. These men received a prostate-specific antigen (PSA) test-performed at one central laboratory using a standard assay [16] -and a digital rectal examination (DRE) at study entry and annually for 3 years, followed by two additional years of prostate cancer screening with PSA only. Of these participants, for the present analysis, we excluded sequentially 7,861 men for the following reasons: missing baseline risk factor questionnaire (n = 892); race not specified (n = 22); baseline FFQ not completed (n = 5,721); missing [7 food items on the FFQ (n = 252); extreme energy intake (intake in the highest or lowest 1%) (n = 612); prostate cancer diagnosed before study entry (n = 16); prostate cancer diagnosed prior to completing the FFQ (n = 25); no annual study update (ASU) completed (n = 264); and exited on or before incident entry date (n = 57). After these exclusions, data from 30,482 participants were available for analysis (Fig. 1) .
Identification of prostate cancer cases
Prostate cancer was ascertained through two primary mechanisms. First, men with a PSA test result of [4 ng/ mL or a DRE suspicious for prostate cancer during a PLCO exam were referred to their medical providers for evaluation. Second, each participant was asked to complete a baseline questionnaire and ASU, which inquired about new cancer diagnoses in the past year. For men with suspected prostate cancer based on follow-up evaluation of abnormal clinical findings during a PLCO exam or with self-reported new prostate cancer on an ASU, medical records were requested to confirm the diagnosis and to obtain cancer stage and grade information. Death certificates, autopsy reports, and pathology reports were used to identify and confirm the diagnosis, stage, and grade in deceased participants. Only histologically confirmed cases of prostate cancer were included in the analysis. During follow-up through July 2008, 2,986 prostate cancer cases were identified among the 30,482 eligible participants, including 550 prevalent cases (defined as cases diagnosed up to 1 year after the baseline screen) and 2,436 incident cases (defined as cases diagnosed more than 1 year after the baseline screen). Only incident cases were included in this analysis. Clinical stage I and II tumors (stage I tumor = -occult or incidental finding; stage II tumor = confined to prostate) with Gleason score \8 were defined as nonadvanced. Clinical stage III and IV tumors (stage III tumor = localized to periprostatic area; stage IV tumor = metastatic disease) and/or tumors with Gleason score C8 were defined as advanced. Of the incident prostate cancer cases, 2,208 had non-advanced disease and 228 had advanced disease (Fig. 1) .
Data collection
During initial screening, participants completed a risk factor questionnaire that included questions about sociodemographic factors, medical history, medication use, smoking history, physical activity, family history of cancer, recent history of screening examinations, height, and weight.
Dietary assessment
A 137-item FFQ was administered at baseline to assess usual dietary intake over the 12 months prior to enrollment in the study. Eighty-five percent of PLCO participants completed the FFQ on or before the day of their screening exam. Of the remaining 15%, 90% completed the FFQ within 1 month of the exam.
Values for GI and GL were added to the PLCO FFQ nutrient database [17] according to the methods described for adding GI and GL values to the National Cancer Institute Diet History Questionnaire [18] . Briefly, the nutrient database for the PLCO FFQ is based on approximately 4,200 individual foods reported by adults in the 1994-1996 continuing survey of food intakes by individuals (CSFII). This list was condensed into 225 nutritionally similar groupings of individual foods. Using published GI values [19] , GI values were linked to each of the individual CSFII foods in these food groups. Specifically, the published GI table was reviewed to identify those foods that, in the judgment of the investigators, were the best matches for each of the CSFII foods. In cases where CSFII foods did not correspond closely to foods with published GI values, a series of decision criteria were utilized to assign GI values [18] . GL values for each of the 225 food groups were calculated using the weighted mean method as described by Subar et al. [20] . These GL values were used in the PLCO FFQ nutrient database to calculate overall daily GL based on FFQ reported frequency and portion size across all items on the questionnaire. Because the intended use of GL is as an indicator of the overall glycemic effect of food, and glycemic effect is inherently a function of dietary carbohydrate that actually is digested and absorbed, we used available carbohydrate-defined as the United States Department of Agriculture (USDA) National Nutrient Database for Standard Reference [21] value for grams of carbohydrate per serving minus the USDA value for grams of dietary fiber per serving-in our calculations of GL. 
Results
Cases tended to be older than non-cases at study entry and included a higher percentage of blacks and lower percentage of Hispanics and Asians than non-cases (Table 1) . While there was no difference in the prevalence of overweight subjects between the groups, a lower proportion of cases than non-cases were obese (20.6% vs. 23.5%, Table 2 ). Hazard ratios and 95% confidence intervals for the highest versus lowest quintiles in the fully adjusted models were 0.86 (0.67-1.10), 0.95 (0.82-1.09), and 0.89 (0.71-1.12) for available carbohydrate, GI, and GL, respectively. In addition, none of the tests for trend were statistically significant. When analyzing non-advanced and advanced prostate cancer separately with full adjusted models, there were no apparent associations of available carbohydrate, GI, or GL with incident prostate cancer (Table 3) . Additional analyses stratifying on categories of BMI (\25.0, 25.0 to \30.0, and C30.0 kg/m 2 ) and age (\65 and C65 years) failed to show any statistically significant associations of available carbohydrate, GI, or GL with incident prostate cancer among these subgroups.
Discussion
It has been hypothesized that elevated serum insulin levels resulting from chronically high-GI/GL diets [6] may increase prostate cancer risk through several mechanisms, including: inhibiting hepatic synthesis of SHBG, with a resulting greater bioavailability of testosterone [7] ; increasing levels of circulating estrogen, which binds to estrogen receptors and to mutated androgen receptors in the prostate, increasing cell proliferation [8] ; and down-regulating levels of IGF binding proteins, increasing the bioactivity and bioavailability of IGF, which has proliferative, cell differentiation, and antiapoptotic actions [9, 10] . However, we observed no associations between dietary available carbohydrate, GI, or GL and incident prostate cancer in this cohort of PLCO participants. Also, we did not detect any associations for either advanced or nonadvanced prostate cancer cases. Previous studies of the associations between GI and GL and specific cancers have produced mixed results. A recent meta-analysis of cohort studies showed no association between dietary GI or GL and the risk of colorectal (five studies), pancreatic (five studies), endometrial (two studies), and gastric (one study) cancers; although utilizing data from five studies, there was a modest positive association between GI and breast cancer risk [12] . In another metaanalysis of GI, GL, and cancer risk that included 15 casecontrol and 24 cohort studies, both GL and GI were significantly and positively associated with an increased risk of colorectal and endometrial cancer [11] . Risk of breast cancer also was positively associated with GL, although this association disappeared when publication bias was taken into account. In contrast to the positive association seen with risk of specific cancers in these two meta-analyses, a recent study of GI, GL, and risk of cancer in the prospective National Institutes of Health (NIH)-American Association of Retired Persons (AARP) Diet and Health Study found that GL was inversely and significantly associated with risk of all cancer in both women and men, with a 10 and 7% reduced risk, respectively, for the highest GL quintile relative to the lowest [14] .
To our knowledge, there have been only three studies of GI and GL and risk of prostate cancer reported in the literature. GI and GL were positively associated with prostate cancer risk in a multi-center case-control study conducted in Italy between 1991 and 2002. The multivariable-adjusted odds ratio (OR) for the highest versus lowest quintile of GI was 1.57 (95% confidence interval (CI): 1.19-2.07), while the OR for the highest versus lowest quintile of GL was 1.41 (95% CI: 1.04-1.89), with positive trends in risk (p \ 0.01) with both GI and GL [13] . The advantage of our study (and prospective cohort studies in general) was that diet was assessed at baseline (prior to the diagnosis of prostate cancer), eliminating the potential for bias in the recall of dietary intake based on prostate cancer status. In the second study-the prospective NIH-AARP Diet and Health Study, which included 15,949 incident cases of prostate cancer-there were no associations between GI or GL and prostate cancer, in agreement with our results [14] . Finally, in a study using data from more than 5,000 participants in the Health Professionals Follow-up Study cohort, dietary GI or GL were not associated with risk of total or subgroups of prostate cancer, again in agreement with the results presented here [15] . The strengths of this study included the large sample size, the detailed information on diet and prostate cancer risk factors obtained at baseline, careful estimation of dietary GI and GL, histologic confirmation of prostate cancer cases, the ability to distinguish between advanced and non-advanced prostate cancer cases, and excellent participant follow-up (98.7% of participants were either known dead or filled out an ASU within the previous 2 years). A possible limitation of the study was the rather narrow range of dietary GI observed in this cohort of predominantly older, white men. 95% of mean dietary GI values were between 51 and 59, which limited our ability to detect the effects of diets substantially different in their ability to modulate insulin and glucose levels. Finally, while the addition of GI/GL values to the PLCO FFQ nutrient database was done in a systematic and well-documented manner [17] , most FFQs in common use were not designed to assess GI and GL and thus may be unable to capture the true range of GI and GL [11] .
In summary, the results of this large cohort study do not support the hypothesis that dietary carbohydrate, GI, or GL are important risk factors for prostate cancer. The narrow 
